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Abstract
This paper describes the novel imaging of SAR phenomena produced from vibrating targets with multipath effects.
It has been established, through numerical SAR experiments, that different physical mechanisms interact to produce
new artefacts. The computations demonstrated that the edges of a dielectric medium can act as a source for multipath
effects to emanate from, leading to the hypothesis that SAR artefacts can arise from through-wall SAR imagery. This
deduction and mechanism of origin were validated through several experimental measurements, undertaken at Cran-
field University’s Antennas and Ground-based SAR laboratory, yielding results that closely match those predicted.
1 Introduction
It is well known that SAR imagery can be affected by
various physical phenomena, which can produce a range
of artefacts within the images [1–3]. One challenging
area where these phenomena are of particular interest is
in the detection of running machinery within a building.
Through-wall SAR has recently experienced a large in-
crease in research activity due to the wide range of ap-
plications in both defence and civilian sectors. Surface
penetrating imagery using traditional SAR methods gen-
erates image products with varying degrees of accuracy
and clarity [4]. A deeper understanding of the SAR
phenomena applicable to through-wall radar imagery is
therefore required, leading to a clearer interpretation of
the wave scattering processes in these challenging sce-
narios.
The intention is to advance the art and capability in SAR
techniques to identify and quantify the effects produced
in a SAR image from a vibrating target, which is in close
proximity to a wall and provide SAR tools capable of be-
ing able to recognise running machinery within a build-
ing from a standoff location [3].
2 SAR Artefacts
The use of SAR signal processing to image a variety of
different scenes and targets can cause various artefacts to
appear. For example, objects moving in cross-range will
produce azimuthal smearing within a SAR image [5].
The purpose of this investigation is to focus on two types
of phenomena and whether they can interact to produce
new artefacts.
The two phenomena (artefacts) under investigation are
(i) those produced from the effect of multipath and (ii)
those produced from the imaging of a vibrating target.
Multipath is being considered because when two or more
targets are within close proximity ghost artefacts of the
main target are produced down-range within the image.
If a target is near to a wall, it too will experience these
multipath effects and therefore produce the same type of
artefacts in the SAR image.
Target vibration is also being investigated because as-
pects of a running machine i.e. a generator, fan, etc. can
be decomposed and considered as a point scattering tar-
get with a waveform based motion, for example its posi-
tion may be displaced in the form of a sinusoid wave [3].
2.1 Multipath Artefacts
Multipath artefacts are produced when a wave front of
a transmitted electromagnetic wave interacts with mul-
tiple targets in the scene before being received by the
antenna [1]. Multiple reflections of the wave front can
also occur between targets.
Each reflection the wave front experiences, increases
the path length travelled by the wave from its transmit
and receive locations. The result is repeated artefacts of
the target being produced within the SAR image at pre-
dictable locations downrange for each target.
Figure 1a shows a simulation image, formed using the
backprojection algorithm showing the effects of multi-
path when two isotropic static targets are located verti-
cally in line (perpendicular to the radar antenna) with
each other, -5m and -5.5m down-range respectively.
The simulation parameters are as follows; Synthetic
aperture: 2m (401 azimuthal samples), frequency range:
5-7GHz (1601 frequency samples). The simulation con-
siders up to 7 multipath bounces. All further simulated
SAR images follow these same parameters.
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Figure 1: SAR simulation results showing individual multipath and vibration artefact scenarios. Where Mpn repre-
sents the nth number of multipath bounces simulated. All coordinates follow the notation [x, y, z]m.
(a) Multipath simulation. The displacement of the multipath artefacts is equal to the 0.5m separation distance between
the targets. The static and vibrating isotropic point targets are located at [0, 5, 0]m and [0, 5.5, 0]m respectively.
(b) Novel simulation of an asymmetric vibration artefact, produced when a targets motion displaces with a sawtooth
waveform. The vibrating isotropic point target is located at [0, 6, 0]m.
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Figure 2: SAR simulation results showing combined multipath and vibration artefact scenarios. Where Mpn repre-
sents the nth number of multipath bounces simulated. All coordinates follow the notation [x, y, z]m. The static/wall
and vibrating isotropic point target(s) are located at [0, 5, 0]m and [0, 6, 0]m respectively.
(a) Combined multipath-vibration artefact simulation.
(b) Through-wall SAR simulation, producing combined multipath-vibration artefacts.
2.2 Vibration Artefacts
When a vibrating target is imaged using SAR signal pro-
cessing, a set of a paired echoes are revealed in the im-
age [3, 5, 6].
A detailed explanation to the physical principals that
give rise to these paired-echo artefacts are presented in
[2]. For example, for a target vibrating with a sinusoidal
displacement in the range dimension (perpendicular to
the direction of travel of the radar antennas), the effect
of its displacement can be expressed as a phase modula-
tion term that is multiplied across the phase history [2].
Ph (kn, RT n) = e
−iknRT n · e−ikn sin (2pifvtn) (1)
Where fv is the vibration frequency and tn is the respec-
tive time interval. The modulation term sin(2pifvtn) can
be rewritten as two exponentials, equation 2, giving rise
to two phase ramps where one is the complex conjugate
of the other [2]. Hence, the signal response in the imag-
ing space transforms from being a point into two separate
artefacts, in opposite directions to the target location.
sin (2pifvtn) =
ei2pifvtn − e−i2pifvtn
2i
(2)
During the course of this work, a novel asymmetric vi-
bration artefact has been found. The artefact arises due
to particular sawtooth target vibrations, which could oc-
cur in SAR images of partially occluded fans, say in air-
conditioning units on roofs, where it is thought that these
artefacts were first observed. Figure 1b shows a simula-
tion image of this novel asymmetric vibration artefact.
3 Combined Artefacts
Consider a vibrating target located in a scene in close ap-
proximation to other objects, it is postulated that if close
enough both the multipath artefacts and vibration arte-
facts would combine together.
Figure 2a shows a simulation image of this where two
isotropic point scatterers are located 1m apart in range.
Each of the targets undergo multipath effects. The target
located 5m downrange is static, while the target located
at 6m downrange is vibrating with its motion following
the sawtooth displacement waveform.
Developing the SAR simulator further Figure 2b shows
the same vibrating isotropic point scatterer. However,
the target located at -5m downrange has been replaced
by a simulated medium (wall) of a consistent material
which has the following properties; relative permittivity
r = 5.5, conductivity σ = 1 × 102 S/m and a wall
thickness of 0.2m. These parameters were chosen as
they represent the average values for a range of dielectric
materials often used in building construction, e.g. con-
crete [3, 7].
The effects of electromagnetic wave propagation have
caused the noticeable differences between Figures 2a
and 2b. Firstly, wave refraction has caused a location
shift to the vibrating targets image space location, the
same location shift has also carried through to each of the
multipath artefacts. Secondly, attenuation effects caused
by the conductivity of the medium have resulted in the
intensity reduction of the multipath-vibration artefacts
shown [3].
4 Experimental Validation
4.1 Initial Measurement
∆dv
Figure 3: Experimental set-up of two metal plates used
to induce multipath effects. The vibration displacement,
∆dv , of the rover is also shown.
In order to validate the numerically computed results,
measurements were taken using Cranfield University’s
Antennas and Ground-based SAR (AGBSAR) labora-
tory [8]. The radar system follows a stop/start approx-
imation, i.e. the motion of the antennas pause for each
measurement. Therefore, one cannot have a continually
moving target in the scene during the measurement pro-
cess, hence, a moving target’s motion needs to be syn-
chronised to the radar system. The authors previously
found a solution to this problem that has been validated
in their previous work [3]. The synchronised moving tar-
get used is based on a Lego Mindstorms system, which
communicates wirelessly over bluetooth to MATLAB
and the AGBSAR radar system [3].
The first experimental set-up is shown in Figure 3,
where the aim was to recreate the simulation results of
Figure 2a. The geometry of the scene is configured so
that the target under investigation is composed of two
offset metal plates.
The larger of the metal plates is static in the scene and
is invisible to the radar system due to the radar ab-
sorbent material (RAM) attached along its near side, fac-
ing the antennas. The second, smaller plate is a trihedral
mounted on the moving target rover, orientated in paral-
lel to the larger plate. The trihedral is in the line-of-sight
of a radar antenna, shown by the augmented ray traced
electromagnetic wave paths in Figure 3.
The rover displaces the trihedral towards and away from
the first metal plate at a rate dependent on the vibration
desired. The set-up is comparable to a fan blade moving
in an air-conditioning unit.
From the experimental set-up shown in Figure 3 the fol-
lowing SAR image was generated, as shown in Figure 4.
This result is in good agreement with Figure 2a and vali-
dates the mechanism proposed as the origin of multipath-
vibration artefacts.
0 0.5 1 1.5 2 2.5 3 3.5 4
3
3.5
4
4.5
5
5.5
6
6.5
7
Azimuth [dB]
R
an
ge
[d
B
]
-85
-80
-75
-70
-65
-60
-55
Intensity
[dB
]
Vibrating Target
Mp1 Mp3 Mp5 Mp7
Figure 4: First measurement result of multipath-
vibration artefacts. Where Mpn represents the nth num-
ber of multipath bounces.
The measurement parameters used to collect the data of
Figure 4 are as follow; Synthetic aperture: 2m (201 az-
imuthal samples), frequency range 4-8GHz (1601 fre-
quency pulses), antenna height 1.8m, vibration ampli-
tude: 10.71mm and a vibration frequency 10Hz, repre-
senting an effective antenna velocity of 2m/s.
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Figure 5: Measurement result of through-wall induced multipath-vibration artefacts. Both images have a 25dB dy-
namic range. Where Mpn represents the nth number of multipath bounces.
(a) Non-filtered SAR measurement. Wall flash and two multipath-vibration artefacts are clearly visible.
(b) Coherent wall subtraction of Figure 5a. The flash produced by the wall has been reduced (not completely re-
moved), while the clarity of the multipath-vibration artefacts has been increased.
4.2 Through-wall Measurement
Another experiment was set up to replicate the simula-
tion case described in Section 3. Here the first target,
i.e. the first metal plate in the experimentation set-up of
Figure 3, has been replaced with a dielectric medium; a
concrete masonry block wall. The wall itself is loosely
built and the blocks are not secured in place by mor-
tar/cement. Figure 6 shows this experimental set-up.
Vibrating Target
Antenna
Figure 6: Experimental set-up used for through-wall
measurements.
Introducing the concrete, dielectric medium into the
scene resulted in the SAR image shown in Figure 5.
The wall is located at approximately 4m downrange of
the antenna. Figure 5a can be compared directly to
Figure 2b where the flash produced from the wall is
visible in the image. The SAR measurement was col-
lected using the following parameters; Synthetic aper-
ture: 1.25m (125 azimuthal samples), frequency range:
2-5GHz (1601 frequency pulses), antenna height 0.86m,
vibration amplitude: 21.43mm and a vibration frequency
10Hz, therefore this represents an effective antenna ve-
locity of 2m/s.
Improvements to the SAR image of Figure 5a have been
made through a coherent subtraction of a SAR dataset
where the wall is the only feature in the scene. The co-
herent wall subtraction of Figure 5b results in a clearer
image of the multipath-vibration artefacts.
Due to the attenuation effects of the dielectric concrete
wall the artefacts have a lower intensity than previously
seen in Figure 4, hence resulting in fewer multipath-
vibration artefacts being visible within the given dy-
namic range of 35dB.
5 Conclusion
This paper has examined novel SAR imagery phenom-
ena arising from vibrating targets and multi-path effects
that result in degraded imagery. A mathematical foun-
dation for their origin has been presented and numeri-
cal experiments of realistic scenarios simulated. Lab-
oratory experiments replicating, as far as possible, the
practical scenarios and the results of the data gathered
were in good agreements with calculated. This work
validates our hypothesis and the software tools and lab-
oratory techniques will allow the investigation of more
through-wall SAR phenomena and artefacts.
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